Introduction
DNA methylation is a heritable epigenetic modification of chromatin in living organisms, which plays essential roles in stabilization of the genome against transposable elements (TEs), regulation of transcription and alternative splicing (Chan et al. 2005 , Zilberman et al. 2007 , Law and Jacobsen 2010 , Lev Maor et al. 2015 . The methylation of cytosines in plant DNA occurs in the symmetric contexts CpG and CHG (where H represents A, T or C), and the asymmetric context CHH. The methylation is established and maintained by partially independent pathways (Law and Jacobsen 2010) , and is affected by environmental factors (Probst and Mittelsten Scheid 2015, Asensi-Fabado et al. 2017) . Symmetric methylation can simply be maintained by copying the methylation mark from the complementary strand in dividing cells during chromosome replication. CpG methylation is maintained by METHYLTRANSFERASE 1 (MET1) in Arabidopsis, while CHG methylation is maintained by CHROMOMETHYLASE 3 (CMT3), which further requires H3K9 methylation. CHH methylation, in contrast, cannot simply be copied from the complementary strand and thus must be set by the de novo methylation machinery, which requires DOMAINS REARRANGED METHYLTRANSFERASE 1 (DRM1) and DRM2, via the RNA-directed DNA methylation (RdDM) pathway.
CpG methylation is enriched at TEs as well as in gene bodies, whereas CHG and CHH methylation predominantly occurs at TEs and is generally more dynamic (Cokus et al. 2008 , Lister et al. 2008 , Stroud et al. 2013 . De novo hypermethylation of non-CpG was set by suboptimal temperature in Arabidopsis or by phosphate starvation in rice, while CpG methylation was relatively little affected (Dubin et al. 2015 , Secco et al. 2015 . Prolonged phosphate starvation stress not only altered the expression of thousands of genes in rice, but additionally roughly 150 TEs close to highly up-regulated genes were hypermethylated, predominantly in the non-CpG context (Secco et al. 2015) . Some additional TEs close to differentially expressed genes (DEGs) were predominantly hypomethylated in the CpG context (Secco et al. 2015) . Interestingly, changes in the gene expression induced by phosphate starvation preceded DNA hypermethylation at adjacent TEs and were reversible, but not heritable (Secco et al. 2015) . This suggested methylation as a transient consequence, rather than the cause of differential gene expression. While the same study reported this mechanism only to be present to a very limited extent in Arabidopsis (Secco et al. 2015) , another study showed general correlations of phosphate starvation-regulated gene expression in Arabidopsis with both individual differentially methylated cytosines and differentially methylated regions (DMRs; YongVillalobos et al. 2015) . In addition to the association of gene activation with hypermethylation of neighboring TEs, they also frequently observed parallel gene activation associated with demethylation in the gene body or in upstream regions (Yong-Villalobos et al. 2015) . Furthermore, data from seedlings of different ages showed that DNA methylation changed massively during Arabidopsis development and that methylation mutants had increased sensitivity to phosphate starvation (Yong-Villalobos et al. 2015) . A mutant that has massively lost non-CpG methylation, with little effect on CpG methylation, is the triple mutant ddc (lacking DRM1, DRM2 and CMT3) (Cao and Jacobsen 2002 , Lister et al. 2008 , Stroud et al. 2013 , while the ros1 mutant (repressor of silencing1) is impaired in demethylation, leading to global hypermethylation of genomic DNA (Gong et al. 2002 , Le et al. 2014 . Besides the mentioned studies on phosphate starvation, relatively little is known about nutritional effects on the methylome and the consequences of altered methylation on the nutrient status (Secco et al. 2017 ). However, limitation of another macroelement, nitrogen, was also shown to alter DNA methylation patterns. The progeny of nitrogen-limited rice plants even showed enhanced tolerance to the same stress, suggesting transgenerational inheritance (Kou et al. 2011) .
With this fragmented knowledge of nutritional regulation of the DNA methylome, we were interested in whether the lack of a micronutrient would also specifically affect the methylome. Zinc (Zn) is an essential cofactor in many enzymes and, notably in DNA-binding proteins, such as the large family of Zn-finger transcription factors, has pleiotropic functions in plant metabolism and is crucial for gene expression and protein synthesis (Broadley et al. 2007 ). Zn deficiency is associated with the differential expression of hundreds of genes in roots and shoots (van de Mortel et al. 2006) . We hypothesized that prolonged Zn deficiency would alter the methylome in Arabidopsis roots in a way that correlates well with the transcriptional response to -Zn. Furthermore, we hypothesized that mutants with aberrant DNA methylation might fail to cope properly with nutritional stress, such asZn, which might support a role for methylation in the nutritional stress tolerance.
Results
Prolonged mild Zn deficiency and transcriptional profiling of Sf-2 Arabidopsis thaliana roots A previous microarray analysis had identified >300 differentially expressed transcripts in shoots and roots of the Arabidopsis Col-0 accession in response to the absence of (0 mM) and high (25 mM) Zn (van de Mortel et al. 2006) . Because severe -Zn stress induces developmental phenotypes and alters flowering, we first established hydroponic growth conditions in which the root and shoot development in +Zn and -Zn was similar, to capture plants in the same developmental stages for subsequent mRNA extraction and microarray analysis. In our previous analysis of many A. thaliana genotypes that used and translocated Zn differentially to the seed (Chen et al. 2016) , we had identified the late flowering and large biomass-producing Sf-2 as a genotype that robustly grows similar roots and shoots under +Zn and -Zn. This accession was initially little affected by the -Zn treatment, thus had an efficient -Zn response and was therefore selected for subsequent analysis. Sf-2 plants were harvested 40 d after sowing and the ionome of the shoot confirmed the Zn deficiency (+Zn, 72.8 mg g -1 and -Zn, 11.1 mg g -1 ) (Fig. 1A, B) . All other nutrients were in the sufficiency range, although copper (Cu) was also reduced and calcium (Ca) slightly elevated in the -Zn treatment. Nevertheless, the biomass was not reduced under -Zn (Fig. 1C) , suggesting that this genotype was 'Zn efficient'. Visual symptoms of Zn deficiency, such as gray necrotic spots in the apical zone of mature leaves, were observed at later stages, but no signs of the initiation of flowering were apparent after 6 weeks (Fig. 1D) .
The microarray analysis was conducted in triplicate and identified 189 and 430 genes that were >2-fold up-and down-regulated under prolonged -Zn, respectively, but roughly 20% of the up-regulated transcripts were non-protein coding (Supplementary Table S1 ). Similar microarray analysis after transfer to 0 mM Zn in the accession Col-0 had identified 221 and 78 protein-coding genes that were at least 2-fold up-or down-regulated, respectively (van de Mortel et al. 2006 ). To our surprise, only 18% of these differentially regulated proteincoding genes overlapped between Sf-2 and Col-0. Using more strict significance thresholds and corrections for large data sets to obtain a false discovery rate (FDR) of P < 0.05, only 14 DEGs with -Zn remained in Sf-2 (Table 1; Supplementary Table S1 ). This core set of -Zn-induced genes included the Zn transporter family genes, ZIP1, ZIP3, ZIP4, ZIP5 and IRT3, as well as the nicotinamine synthase genes NAS2 and NAS4. Furthermore, the heavy metal ATPase gene HMA2 and the purple acid phosphatase gene PAP27 were strongly up-regulated. All these genes were confirmed by quantitative reverse transcription-PCR (qRT-PCR) ( Fig. 1E) and had also been identified in Col-0 (van de Mortel et al. 2006) . These genes thus represent the core set of -Zn deficiency-induced genes across different Arabidopsis accessions. Interestingly, four genes encoding defensin-like family proteins were most highly up-regulated by -Zn, which had not come to attention in the accession Col-0. The only down-regulated transcript in this list of the most stringent regulated genes in -Zn was TERMINAL FLOWERING 1 (TFL1), a gene involved in flowering (Fig. 1E) .
A principal component analysis (PCA) of the gene expression profiles identified that the majority of the variance within the data (60.3%) was unrelated to the Zn deficiency and represented other factors, while the second principal component, which explained 19.3% of the variance, separated the data according to the -Zn and +Zn treatments. This suggests unknown and phenotypically unrecognized variance within the +Zn samples. The samples from the -Zn treatment were more similar to each each other ( Fig. 2A) .
Genome-wide DNA methylation profiling of Arabidopsis roots upon Zn deficiency Since nutrient stress was reported to drive hypermethylation in TEs close to highly regulated genes, we hypothesized that Table S2 ). Altogether, average coverage was 22.3Â (7.8-29.9Â) and the average unique mapping rate amounted to 32.3% (15.5-41.3%). Bisulfite non-conversion rates were relatively low. Strict alignment settings were used to limit aligning mismatches (see the Materials and Methods for details). Nevertheless, relatively low mapping rates that may in part be due to mapping of Sf-2 reads to the imperfectly matching Col-0 genome were obtained (Supplementary Table S2 ).
The PCA of the methylation pattern identified large separation of the +Zn samples, while all -Zn samples were found close to each other, consistent with their transcriptional homogeneity (Fig. 2B) . Among the aligned mCs (methylated cytosines), the whole-genome methylation levels of CpG, CHG and CHH were 22.7, 7.6 and 3.0% in +Zn and similar under -Zn (Fig. 3A) . The proportion of CpG, CHG and CHH of total cytosine methylation amounted to 53.4, 18.0 and 28.6% for +Zn and 54.0, 16.7 and 29.3% for -Zn, respectively (Fig. 3B) . Because certain small RNA fractions were repressed in DNA methylation mutants (Lister et al. 2008) , the small RNA level was also estimated. The total small RNA level was not significantly different, although it was slightly lower under -Zn conditions (Fig. 3C) . The minor demethylation pattern induced by -Zn may simply be a consequence of low S-adenosylmethionine (SAM), the donor of methyl groups, but the SAM level was more or less maintained under -Zn ( Supplementary Fig. S1 ). Differential methylation mainly occurred in the CpG context and was rare in the CHH context (see below, Fig. 3D ).
To determine whether genomic DNA methylation in the roots correlates with gene expression, we divided all transcripts into three classes, based on their average expression intensity in the microarray analysis, namely high expression (top third, n = 10,709, average log expression intensity approximately 10.5), medium expression (middle third, n =10,709, average log expression intensity approximately 6.8) and low expression (bottom third, n = 10,710, average log expression intensity approximately 3.0). Non-methylated regions were excluded before calculating the average methylation level in different groups, as these regions diluted the methylation level across genes. In general, the methylation level of gene bodies in the CpG context was much higher than in the non-CpG context ( Fig. 3E-G) . The methylation level of the genes was slightly reduced, irrespective of the transcript abundance in -Zn, while gene expression was always highly correlated with gene body methylation ( Fig. 3E-G) . A slightly higher CpG methylation was detected in the gene bodies of highly expressed genes in +Zn, whereas non-CpG methylation was preferentially found in genes expressed at a low level. The methylation levels of individual cytosines were typically either low (0-10%) or high (90-100%) in the gene bodies, indicating homogeneity within samples, irrespective of the different contexts and irrespective of Zn supply ( Supplementary Fig. S2A-F) . In -Zn, however, there was a tendency for fewer highly methylated cytosines, but an enrichment of low methylated cytosines (Fig. 4A) . This was observed in each cytosine context (Supplementary Fig. S2A -C).
Differentially methylated regions induced by Zn deficiency
Although the global methylation amount in all contexts (CpG, CHG and CHH) was little different in -Zn, we noted hundreds of DMRs in -Zn. DMRs define regions in the genome where multiple adjacent cytosines show differential methylation, but it is unknown how many cytosines there are in a certain region and to what extent these must be differentially methylated to have a functional impact. Therefore, a low threshold for methylation differences (10%; see the Materials and Methods) was set, to avoid missing DMRs. Both hypo-and hypermethylated genome regions were identified, but hypomethylated regions dominated the DMRs, especially in the non-CpG context (Fig. 4 B) . For the analysis of DMRs, methylation calls with !2-fold coverage in at least two replicates were included. Thereby, 4,809 DMRs in CpG, 1,701 DMRs in CHG and 547 DMRs in CHH were determined (Fig. 3D) . DMRs in the CpG context were mainly located in the gene bodies, TEs and intergenic regions, whereas DMRs in the non-CpG contexts occurred predominantly in TEs, but also in intergenic regions (Fig. 4C) .
The DMR density across the protein-coding genes was analyzed in a 4 kb window that was centered in the transcriptional start site (TSS). This captured the promoter region up to 2 kb upstream of the TSS and at least part of the gene body ( Fig. 4D-F) . Although hypomethylation was more frequent in each context (Fig. 4B) , the pattern of DMRs around the TSS was highly similar. When normalized to the total numbers of hypomethylated DMRs, most CpG hypo-DMRs in the promoter peaked at around 700 bp upstream of the TSS, but this peak was at approximately 1,400 bp downstream of the TSS, covering the gene bodies (Fig. 4D) . A very similar pattern within the 4 kb window around the TSS was obtained for the hypermethylated DMRs (Fig. 4 D) . Similar to previous studies, cytosines in the gene TSS were always very rarely methylated. Interestingly, both hypo-and hypermethylation in the CHG and CHH context occurred again predominantly in promoters with a peak at around 700 bp upstream from the TSS (Fig. 4E, F) . However, in the non-CpG context, no DMRs were identified in the gene bodies. DMRs were even more prominent in TEs and overlapped with the transposon start sites in all contexts ( Fig. 4G-I) . Again, these were either hypo-or hypermethylated in -Zn. Besides these regular patterns, stochastic DMRs were also identified in individual samples with the same treatment, showing considerable intrinsic variation among the equally treated individual samples, in agreement with the PCA results (Fig. 2 B) .
Relationship of gene expression and DNA methylation in -Zn
Next we asked whether methylation and/or differential methylation occurred in or close to the 14 genes that were transcribed highly differently in -Zn (Table 1; Supplementary Table S1 ). The gene bodies of these DEGs were rarely methylated in all contexts (Table 1) . However, despite their low methylation level, the methylation of NAS2, NAS4 and one defensinlike gene (At3g59930) was apparently slightly different. Methylation was reduced in -Zn in the CpG and CHG context. In most DEGs that were close to DMRs, hypomethylation was encountered in -Zn, but the majority of genes were very distant from DMRs. Only one of the associated gene bodies partially overlapped with a DMR (Table 2) . In particular, all DMRs in the CHH context were very distant from these DEGs. Within the distance of 2.5 kb, hypo-DMRs upstream of ZIP1 and ZIP3 and downstream of IRT3 and NAS2 were detected. DMRs upstream and in the gene body of PAP27 were also detected. DMRs were also close to the defensin-like-encoding DEFL genes At4G11393 and At1G34047.
Next we selected all genes that were covered by DMRs in the gene body and in 2 kb upstream sequences. Furthermore, we also selected genes that were 2 kb distant from TEs, which were covered by DMRs. For these genes, -Zn-induced alterations in methylation and transcriptional differences (without considering significance thresholds) were directly compared. Surprisingly, there was clearly a lack of any global correlation between differential methylation and mRNA abundance, irrespective of the mC contexts (Fig. 5) . Gene body methylation changes (Fig. 5A-C) , as well as methylation differences in promoters (Fig. 5D-F) , were only rarely associated with altered transcript levels. Overall, the majority of responsive genes were unchanged in their methylation pattern. Moreover, this same pattern was also found for TEs (Fig. 5G-I ) and in the entire genome ( Supplementary Fig. S3 ).
Single-cytosine methylation in the Zn deficiencyresponsive motif
We finally analyzed the single-cytosine methylation in the previously identified Zn deficiency-responsive motif (RTGTCGAC AY) in promoters that is targeted by transcription factor genes bZIP19 (BASIC-REGION LEUCINE ZIPPER 19) and bZIP23 in response to -Zn (Assuncao et al. 2010 ). This 10 bp motif contains two consensus cytosines, which are in the CpG and CHH context, respectively. By alignment to TAIR10, we found 83 genes that contain this motif in their promoters without mismatch, including ZIP4, ZIP5, IRT3 and two defensin-like genes (AT1G34047 and AT4G11393), which were also identified in the microarray analysis (Supplementary Table S3 ). The other -Zninduced genes often contained similar motifs with minor mismatches. Only 58 of the 83 gene promoters overlapped with the methylome data, but the methylation level of both cytosines was consistently low across all these genes. Only very minor Genes in bold are within 2.5 kb distance of the next DMR.
differences in methylation of a subset of the genes were found (Supplementary Table S4 ), indicating that -Zn had little effect on the methylation level in individual cytosines in this -Zn motif. Overall, there was essentially a lack of any clear correlation between differential methylation in the motif and gene expression changes upon -Zn.
Growth of methylation mutants under Zn deficiency
The ddc triple mutant (drm1, drm2, cmt3) that has massively reduced non-CpG methylation was then grown side by side with the Col-0 wild type in hydroponic culture under longday conditions. Consistent with earlier work, the mutant showed mild developmental phenotypes, but reduced overall growth. When Zn was selectively omitted from the nutrient solution, the Col-0 wild type and the ddc mutant accumulated only about half of the shoot biomass (Fig. 6A, B) . In order to test whether the ddc mutant was less efficiently accumulating Zn, the shoot Zn concentrations were measured. The wild type and the ddc mutant accumulated >44 mg Zn g -1 DW in the shoot tissue under +Zn. The shoot Zn concentrations of both genotypes were significantly lower in -Zn, but still above the tentative starvation threshold of Arabidopsis at approximately 15-20 mg g -1 (Fig. 6C) . Although not significant, the mutant tended to have even higher Zn concentrations in the shoot under -Zn than the wild type, potentially indicating that the severe Zn deficiency phenotype of the ddc mutant was not related to less efficient Zn uptake, but rather less efficient utilization of tissue Zn, a phenomenon well known as differential Zn efficiency (Cakmak et al. 1998) . Furthermore, the shoot biomass of the hypermethylated ros1 mutant was more severely reduced under -Zn than the wild type, which was paralleled by a decrease in the Zn shoot concentration under -Zn (Fig. 6A-C) . This observation is in agreement with the hypothesis that in the hypermethylated mutant Zn uptake under -Zn was impaired; the reduced tissue Zn was then likely to be insufficient for shoot growth.
Interestingly, severe developmental differences, a bushy growth, smaller leaves, together with shorter stems and impaired flower development were consistently observed in the ddc mutant under -Zn (Fig. 6D) . These visible shoot phenotypes resembled the severe Zn deficiency symptoms observed earlier in the Col-0 wild type (Talukdar and Aarts 2008) . Moreover, the root biomass was not different when grown with or without Zn in the wild type and ros1 (Fig. 6 E) . In contrast, the ddc mutant had similar root biomass to the wild type and ros1 under -Zn, but less root biomass with +Zn (Fig. 6 E) . Finally, the Zn concentration in ddc roots was slightly, but significantly, larger than in the wild type, under both +Zn and -Zn, corroborating the suggestion that this mutant was not primarily impaired in the uptake of Zn, but rather in its utilization to produce biomass and transfer Zn to the shoot (Fig. 6 F) . Altogether, these data show that mutants with altered DNA methylation levels are differentially affected under -Zn conditions, suggesting that the DNA methylation level is important under this stress, to maintain growth in -Zn.
Discussion
DNA methylation is affected by adverse environmental conditions, silences transposons and regulates gene expression. Biotic stress adaptation has been repeatedly associated with chromatin changes, especially of altered DNA methylation (Dowen et al. 2012 , Latzel et al. 2012 ), but relatively little is known about how nutritional deficiencies, which are crucial and widespread abiotic stresses for plants, affect the methylome (Secco et al. 2017) .
Zn is an essential micronutrient and cofactor of many DNAbinding transcription factors and enzymes that are involved in vital molecular and metabolic functions (Broadley et al. 2007 ). Whether and how the Zn status interacts with DNA methylation was comprehensively analyzed by measuring gene transcription and parallel global DNA methylation in the root, the organ that is central for uptake and distribution of nutrients. Prolonged Zn deficiency in a genotype that is little affected in its development by the missing Zn was chosen to capture long-term changes in the absence of secondary developmental effects. We were able to establish such conditions for the A. thaliana accession Sf-2, which is late flowering and able to produce a higher biomass than Col-0. After 6 weeks, visibleZn-induced necrosis appeared in leaves, without changing the biomass (Fig. 1) . The ionome indicated specific Zn deficiency in the shoot, and the transcriptomic analysis identified a core set of 14 highly Zn-specific, mostly up-regulated genes that are also found in Col-0. TFL1, a repressor of flowering, was identified to be down-regulated in -Zn, which might indicate a somewhat distinct developmental stage of the plants and roots, potentially explaining some of the heterogeneity in the data of relatively old plants, although they were visually similar. Interestingly, the PCA indicated that much of the variance within the transcriptome data was buried within the +Zn data, while the -Zn transcriptome data were less heterogenous ( Fig. 2A) . Bisulfite sequencing of the roots revealed a large divergence of the variance among individual +Zn samples, but high similarity of the -Zn samples (Fig. 2B) , suggesting higher heterogeneity in the +Zn plants after the prolonged growth. This also strongly suggests many stochastic mC differences in the +Zn samples. Our analysis indicated a minor overall decrease in methylation level, as well as lower methylation in gene bodies in -Zn, which was most pronounced in genes expressed at a low level in the non-CpG context (Fig. 3) . Furthermore, context-specific hypo-and hypermethylation in TEs and close to genes were encountered (Fig. 4) . Because of the minor demethylation trend in -Zn, we also investigated whether the methyl donors were reduced in -Zn. Lower SAM in msa1 strongly reduced the DNA methylation landscape and increased shoot sulfur . In rats, the SAM level was decreased under Zn deficiency, therefore DNA and histones were both hypomethylated under -Zn stress (Sharif et al. 2012) . However, the Arabidopsis SAM level was not significantly reduced in -Zn ( Supplementary Fig. S1 ), excluding the possibility that a lack of methyl donors was causal for the (minor) reduction in methylation. Furthermore, the major genes involved in the maintenance of CpG and CHG methylation, MET1 and CMT3, respectively, were transcriptionally not affected by Zn, as deduced from the microarray data (Supplementary Table S1 ).
To date, relatively few studies have investigated the wholegenome DNA methylation profile upon nutrient deficiency, and its potential to regulate transcription (Secco et al. 2015 , Yong-Villalobos et al. 2015 . Phosphate starvation-induced gene expression drove DNA hypermethylation at adjacent TEs to stabilize the genome in rice, and the same stress in Arabidopsis conferred massive remodeling of DNA methylation (Secco et al. et al. 2015 , Yong-Villalobos et al. 2015 . Here, -Zn-induced DMRs in the CpG, CHG and CHH context were identified (Fig. 4) , in addition to minor intrinsic stochastic differences between individual samples (Dubin et al. 2015) . Zn deficiency-related DMRs were not only enriched in TEs in non-CpG contexts, but also occurred in exons and promoters (Fig. 4) . Both hypo-and hypermethylation DMRs were identified in DEGs, but only in the CpG and CHG context. Clearly, the previously shown nutrient starvation-induced DNA hypermethylation of transposons primarily in the CHH context that is associated with altered gene expression (Secco et al. 2015 , Yong-Villalobos et al. 2015 was entirely absent in Zn-deficient Arabidopsis roots. De novo CHH methylation may be the most flexible context to adapt to biotic (Dowen et al. 2012) or other abiotic environmental stress (Dubin et al. 2015 , Secco et al. 2015 , Yong-Villalobos et al. 2015 , but CHH methylation did not respond much to Zn deficiency and was not associated with DEGs. Species differences and nutrient specificity may account for the differences in methylation pattern upon different stresses. -Zn mildly erased and established new DNA methylation in promoters and in gene bodies only in the CpG context, while DMRs in the CHG and CHH context were exclusively set in promoters, with the maxima around 700 bp upstream from the TSS, which may indicate spatial constraints to set and remove DNA methylation with proteins on the DNA strands. An even stronger change with -Zn was found in the methylation of TEs, without preference for hypo-or hypermethylation in all contexts (Fig. 4) . However, this flexibility in methylation was apparently not mirrored in differentialZn-induced global gene expression. This was surprising, as DNA methylation plays crucial roles in regulating transcription and alternative splicing (Chan et al. 2005 , Zilberman et al. 2007 , Law and Jacobsen 2010 , Lev Maor et al. 2015 . Indeed, taking the 14 highly significantly differentially expressed genes upon -Zn in the accession Sf-2, all were methylated at a very low level (if at all, Table 1 ). These genes include the important Zn deficiencyresponsive genes ZIP1, ZIP3, ZIP4, ZIP5, IRT3, NAS2, NAS4, HMA2 and PAP27, which have been characterized in mobilizing Zn or increasing uptake and transfer of Zn (Grotz et al. 1998 , van de Mortel et al. 2006 , Kramer et al. 2007 , Lin et al. 2009 ).
Environmentally responsive genes typically have low methylation in their gene bodies (Aceituno et al. 2008) . Furthermore, several genes encoding defensin-like proteins were among the most differentially regulated genes; these were previously not found to be transcriptionally up-regulated by -Zn. However, defensin-like proteins had been identified in the Zn deficiency response proteome and may have a function in capturing or chelating Zn (Zargar et al. 2015) . Previous microarray analyses had identified >300 differentially expressed transcripts in response to -Zn in Col-0 (van de Mortel et al. 2006) , but this may simply be a consequence of different growth conditions, developmental stage and analysis. Using less stringent quality parameters, another 51 transcripts, including additional Zn transporters and carbonic anhydrases, also appeared differentially expressed in our data set between +Zn and -Zn from Sf-2 (Supplementary Table S1 ). This set of DEGs largely overlapped with data from the previous study.
Overall, there was almost a lack of global correlation between methylation and gene expression (Fig. 5) , but it is notable that half of the stringent DEGs had DMRs in the CpG and/ or CHG context in their vicinity that were preferentially hypomethylated in -Zn. Considering the large number of 33,601 nuclear-encoded genes (including pseudogenes and TEs, TAIR10) and the 7,057 DMRs identified here, such enrichment is very unlikely by chance. Assuming that gene body methylation is a consequence of transcription rather than the cause (Teixeira and Colot 2009 , Inagaki and Kakutani 2012 , Secco et al. 2015 , any nutrient deficiency-related gene expression will thus lead to an altered methylation profile, which is, however, still difficult to predict.
Finally, we analyzed the single-cytosine methylation in the several dozens of genes that contained the Zn deficiency motif (RTGTCGACAY) in promoters. Most of the stringent DEGs contained this exact motif, but some also had single base pair mismatches, as previously reported (Assuncao et al. 2010) . Cytosine methylation in transcription factor-binding sites may alter the binding strength of a vast variety of transcription factors (O'Malley et al. 2016) . Indeed, sulfur-responsive elements (SUREs) in the promoters of sulfur transporters were hypomethylated in a sulfur-accumulating mutant that had lower levels of SAM, the methyl donor for DNA methylation. Consequently, sulfate uptake transporter genes were overexpressed in roots, explaining the sulfur accumulation phenotype ). Furthermore, the methylation level in the vicinity of P starvation involved transcription factor-binding sites correlated with differential expression of P starvationinduced genes (Yong-Villalobos et al. 2016) . However, the (low) methylation level of most of these cytosines was not distinguishable between the two Zn treatments (Supplementary  Table S4 ), with the exception of three genes (NAS2, NAS4 and DEFL) that had very minor differences in methylation. It might be interesting to test whether this promoter motif could be inactivated by methylation in a tissue that is not or is less sensitive to Zn deficiency.
Early generations of the ddc hypomethylation and ros1 hypermethylation mutants allow for testing the impact of genome-wide differential methylation under nutritional stresses, as initial generations of these mutants are phenotypically relatively weakly affected in their growth. However, these have severe defects and variable offspring in later generations (Cao and Jacobsen 2002, Gong et al. 2002) . Interestingly, the loss of demethylation capacity in ros1 mutants was apparent in initial screens for abiotic stress resistance and the lost ability to repress the RD29A promoter by silencing (Gong et al. 2002) .
In contrast to biotic stress (Dowen et al. 2012) , where Arabidopsis DNA methylation mutants had increased biotic tolerance, plants lacking non-CpG methylation (ddc triple mutant) were hypersensitive to -Zn (Fig. 6) , suggesting that methylation is important for the stress tolerance. This hypomethylated mutant showed an interesting developmental phenotype in -Zn, with aberrant leaf and flower development, which was not observed in the wild type (Fig. 6) . The same phenotype had been described as typical for severe Zn deficiency (Talukdar and Aarts 2008) , but the shoot Zn concentration of the mutant was not decreased compared with the wild type. Previous studies reported that the SUPERMAN gene is silenced by hypermethylation in SUPERMAN epigenetic alleles, resulting in an abnormal flower structure compared with the wild type Meyerowitz 1997, Ito et al. 2003) . Furthermore, FWA (FLOWERING WAGENINGEN) is a floral repressor; and hypermethylation in the promoter inhibits FWA expression in the wild type, whereas fwa-1 mutants show late flowering due to lack of methylation (Soppe et al. 2000) . Methylation in these sites may be involved in the -Zndependent shoot phenotype. Furthermore, the root biomass increased compared with control conditions (Fig. 6) . Minor effects on the root dry mass and Zn concentrations were also observed for the hypermethylated ros1 mutant (Fig. 6) , suggesting that DNA methylation is somewhat relevant for theZn tolerance. It may, however, also be argued that the 'weaker' mutant was simply more sensitive to the stress. In any case, methylation is then important for the stress tolerance. A previous transcriptome analyses identified that several genes encoding zinc-binding proteins and the ZIP11 transporter gene were up-regulated in the ddc mutant (Kurihara et al. 2008) , establishing a further link of Zn, methylation and the RdDM pathway. However, the transcriptomes of the ddc mutant were somewhat inconsistent (Zhang et al. 2006 , Kurihara et al. 2008 , with only approximately 10% overlap (in only 24 genes) in DEGs among these studies.
The overall function of the deficiency-induced differential methylation remains largely unclear, as transgenerational heritability of environmentally altered methylation appears unlikely, because of efficient reset mechanisms (Iwasaki and Paszkowski 2014 ). An A. thaliana population collected from different locations had only small (<3% environmentally induced) heritable epigenetic variation, over dozens of generations (Hagmann et al. 2015) . Differential methylation upon phosphate starvation was essentially erased after meiosis in rice (Secco et al. 2015) . Although DNA methylation may be of restricted relevance in the immediate -Zn response of Arabidopsis, we expect that across evolutionary time scales and in TE-rich species, nutritional effects on the methylome might still be an important (epi-)genotypic property.
Conclusion
Our study identified a defined remodeling of the methylome in -Zn and quite severe developmental consequences of -Zn in a mutant lacking non-CpG methylation. Unlike in phosphate starvation in rice or suboptimal temperature stress in Arabidopsis, -Zn only mildly affected total methylation. However, hypo-and hypermethylated genomic regions, predominantly in TEs, promoters and genes in the CpG/CHG context, were identified, preferentially in the vicinity of transcriptionally responsive genes. We conclude that the relationship between nutrient stress-induced transcription and dynamic DNA methylation is highly species and nutrient specific and not constrained to macronutrients.
Materials and Methods

Plant materials, growth conditions and sample collection
The A. thaliana accession Sf-2 was used for most experiments. Plants were grown in a hydroponic system in a growth chamber in triplicate, with each sample containing a minimum of four plants. A modified Hoagland's solution was supplied, containing 1 mM NH 4 NO 3 , 1 mM KH 2 PO 4 , 0.5 mM MgSO 4 , 1 mM CaCl 2 , 0.1 mM Na 2 EDTA-Fe, 2 mM ZnSO 4 , 9 mM MnSO 4 , 0.32 mM CuSO 4 , 46 mM H 3 BO 3 , 0.016 mM Na 2 MoO 4 and with or without 2 mM ZnSO 4 , resulting in +Zn or -Zn conditions. Because of an unidentified contaminating source of Zn, we were not able to reduce the Zn level below 0.05 mM Zn in the -Zn condition, but this may also be seen as an advantage to prevent cells from the most severe starvation that results in cell death. At 40 d, shoot and root samples were separately harvested with liquid nitrogen, before storing at -80 C for further analysis. The accession Col-0 was used in the mutant experiments. ddc and ros1 mutants were in the Col-0 background. The growth conditions were set as: long days (16 h light/8 h dark), 22 C light/20 C dark, 120-140 mmol m -2 s -1 and 60% humidity.
Ionome analysis
Harvested samples were dried at 60 C for 5 d before grinding. Around 0.5 g of ground material was digested with 5 ml of 69% HNO 3 and 4 ml of 30% HCl for 1 h. Afterwards, samples were heated at 170 C for 25 min in a microwave, followed by 40 min at 200 C. The extract was measured by ICP-MS (inductively coupled plasma mass spectrometry), to determine concentrations of P, K, Ca, Mg, B, Zn, Cu, Fe, Mn, Mo and Na. Additionally, approximately 5 mg of ground material was used to quantify N and S concentrations using an Elemental Analyzer (HEKAtec GmbH).
Total RNA isolation and transcriptome analysis
Total RNA of 40-day-old root samples was extracted using the innuPREP Plant RNA Kit (Analytik Jena). Each treatment contained three independent biological replicates. All RNA samples were sent to OakLabs (Germany) for transcriptome analysis on single-channel Agilent microarrays. Raw data analysis was performed using Bioconductor's limma package (Ritchie et al. 2015) . The microarray raw data were imported in R with the read.maimages function. The median signal intensities were background corrected with the normexp method. The microarrays were quantile normalized so that the value distribution of every microarray was forced to be identical. Probes with low intensities that were not at least 10% higher than the negative control probes were filtered out. The intensities of duplicated probes for the same corresponding genes were averaged. The resulting P-values were adjusted by the BenjaminiHochberg approach to control the FDR (Benjamini and Hochberg 1995) . Genes were considered to be significantly differentially expressed if the FDR was <0.05.
Genomic DNA extraction and bisulfite sequencing
Genomic DNA of 40-day-old root samples was extracted using the DNeasy Plant Mini Kit (Qiagen) in triplicate for each treatment. DNA samples were sent to Beijing Genomics Institute (BGI, China) for whole-genome bisulfite sequencing. Briefly, the MethylC-Seq library was constructed and sequenced with 100 bp paired-ends, using Illumina Hiseq2000.
DNA methylation data processing
Raw data were filtered to remove the low-quality reads, comprising three types: adaptor sequences, N base number >10% and number of low-quality bases (<20) over 10%. Clean data were mapped to the TAIR10 reference genome (The Arabidopsis Information Resource, http://www.arabidopsis.org/), using Bismark (Krueger and Andrews 2011) . Default settings were used, except that the score_min was set as L, 0,-0.6, before removing PCR duplicates with SAMtools (Li et al. 2009 ). Bismark_methylation_extractor was conducted to call the cytosine methylation in CpG, CHG and CHH contexts. Then 5 and 3 bp bias bases were removed from the 5' and 3' end, respectively, according to the M-bias plots produced by the Bismark methylation extractor.
DMR calling was performed using BSmooth in Bioconductor's bsseq package with default settings (Hansen et al. 2012) . Briefly, bedGraph output files were smoothed, before computing t-statistics. Only those CpGs/CHGs/CHHs where kept that in at least two replicates in each treatment had at least a 2-fold coverage. Then dmrFinder was used to find DMRs. Those DMRs which did not cover at least three CpGs/CHGs/CHHs or showed a mean difference <0.1 were filtered out. This low threshold for DMR detection was chosen in order not to miss any potential DMRs. The qcutoff and maxGap were set as 0.025 and 300 bp.
DMRs were mapped to genomic elements using TAIR10 annotations. Positions and regions were hierarchically assigned to annotated features in the order coding sequence (CDS) > intron > 5-untranslated region (UTR) > 3-UTR > TE > intergenic region. Intergenic regions were defined as those that were annotated with neither gene bodies nor TEs. The mapping was performed using bedtools (Quinlan and Hall 2010) . Upstream sequences (2 kb) of gene bodies were also overlapped with DMRs to indicate promoter regions.
The relative DMR density in a 4 kb sliding window across the genome (-2 kb < TSS < 2 kb) was calculated as: DMR density = (hyper-or hypo-) DMR counts at a specific position/total (hyper-or hypo-) counts.
Principal components analysis (PCA)
Normalized intensity data of all microarray experiments and all methylation bins in each context were used. The R-script with prcomp function and ggord plugin for ggplot2 graphics library was used.
Quantitative RT-PCR analysis
Around 1 mg of total RNA was used to synthesize the cDNA library with the QuantiTect Reverse Transcription Kit (Qiagen). Gene-specific primes for qRT-PCR were designed according to the Arabidopsis genome sequence information of TAIR10 (https://www.arabidopsis.org/) and Primer-BLAST (http://www.ncbi. nlm.nih.gov/tools/primer-blast/). Additionally, primer quality was controlled using PCR Primer Stats (http://www.bioinformatics.org/sms2/pcr_primer_ stats.html). Primers were ordered from Invitrogen and are listed in Supplementary Table S5 . For the PCR procedure, 15 ml reactions were carried out, containing 6 ml of 20Â diluted cDNA, 7.5 ml of SYBR Green Supermix (KAPA Biosystems), 0.3 ml of forward primers, 0.3 ml of reverse primers and 0.9 ml of RNase-free H 2 O. The reactions were conducted in 384-well plates in RT-PCR systems (Bio-Rad). The standard protocol was set as: 3 min at 95 C, followed by 44 cycles of 3 s at 95 C, 25 s at 60 C and then 5 s at 65 C. Two reference genes, SAND (At2g28390) and PDF2 (At1g13320), were used, and melt curves were used to check for unique PCR fragments. Reactions were performed in three technical replicates and three biological replicates. Relative transcript levels were calculated with the 2-ÁÁCT method by the Bio-Rad software (Livak and Schmittgen 2001) .
Small RNA extraction and quantification
Small RNA was extracted using the innuPREP Micro RNA Kit (Analytik Jena), followed by a quantification using the Small RNA Analysis Kit in Agilent 2100 Bioanalyzer (Agilent), according to the manual instructions.
S-Adenosylmethionine determination
The SAM level was determined with the Bridge-It Õ S-Adenosyl Methionine Fluorescence Assay Kit (Mediomics), following the manufacturer's instruction. Briefly, 0.3 g of frozen ground root samples was shaken in soluble protein extraction buffer at 4 C for 30 min, before spinning at 12,000 r.p.m. for 10 min. A 30 ml aliquot of the supernatant was transferred to 30 ml of CM Buffer (included in the kit) and incubated at 24
C for 1 h. The suspension was centrifuged at 10,000Âg at 4 C for 5 min, and the supernatant was collected to measure the fluorescence. The excitation and emission absorbance were 485 and 655 nm, respectively.
Statistical analysis
Data analysis, graphs and statistics were done using R (https://www.r-project. org/). The significance of differences of means for individual traits in this study were determined by t-test. Multiple comparisons were conducted using the Tukey HSD method.
